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Bisulfite at low concentrations (L-NaHSO3) increases cyclic electron transport around photosystem I (PSI) and photosynthesis. 
However, little is known regarding the detailed contribution of cyclic electron transport to the promoted photosynthesis by 
L-NaHSO3. In the present work, we used tobacco mutant defective in ndhC-ndhK-ndhJ (ndhCKJ) to investigate the role of 
NAD(P)H dehydrogenase (NDH)-dependent cyclic electron transport around PSI in an increase in photosynthesis by L-NaHSO3. 
After the treatment of tobacco leaves with L-NaHSO3 (10 µmol L
–1), the NDH-dependent cyclic electron transport, monitored by a 
transient post-illumination increase in Chl fluorescence and the amount of NDH, was notably up-regulated in wild type (WT). The 
NDH-dependent cyclic electron transport was severely impaired in ndhCKJ and was not significantly affected by treatment with 
L-NaHSO3. Accordingly, the NDH-dependent transthylakoid membrane proton gradient (pH), as reflected by the slow phase of 
millisecond-delayed light emission (ms-DLE), was increased by L-NaHSO3 in WT, but not in ndhCKJ; the enhancement of cy-
clic photophosphorylation (PSP) activity by L-NaHSO3 was more obvious in WT than ndhCKJ. The accumulation of both su-
peroxide and hydrogen peroxide was reduced in WT when subjected to L-NaHSO3 treatment, but not in ndhCKJ. Furthermore, 
the increase of photosynthetic O2 evolution rate by L-NaHSO3 was more significant in WT than in ndhCKJ. We therefore con-
clude that L-NaHSO3 alleviates the photo-oxidative damage by the enhancement of NDH-dependent cyclic PSP, thereby improv-
ing photosynthesis. 
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Bisulfite at low concentrations (L-NaHSO3) can raise net 
photosynthetic rate and even the yield of crops [1–7]. To 
investigate the role of L-NaHSO3 in photosynthesis, much 
work has been carried out. Ziegler and Libera [8] suggested 
that L-NaHSO3 increases the reduction of dioxygen in PSI 
to enhance chloroplast CO2 fixation. Soldatini et al. [9] 
proposed that L-NaHSO3 causes an increase in thylakoidal 
sulfolipids, thus enhancing the CO2 fixation in Chlorella 
vulgaris. Yang et al. [7] indicated that the enhanced net 
photosynthetic rate by L-NaHSO3 is due to increasing car-
boxylation efficiency relevant to ribulose 1,5-bisphosphate 
carboxylase/oxygenase (Rubisco) activity and regeneration 
rate of RuBP. However, the mechanism underlying the 
L-NaHSO3-enhanced photosynthesis is still unclear. 
It has been extensively observed that L-NaHSO3 in-
creased the photosynthesis in wheat [5,10], rice [6] and cy-
anobacterium Synechocystis PCC 6803 [11], all of which 
were accompanied with the evident enhancement of a tran-
sient post-illumination increase in Chl fluorescence. There-
fore, the increased photosynthesis by L-NaHSO3 is pro-
posed to be relevant to the promotion of the cyclic electron 
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transport around photosystem I (PSI) and cyclic photo-
phosphorylation (PSP). The transient post-illumination in-
crease in Chl fluorescence is considered to arise from the 
reduction of plastoquinone (PQ) by NAD(P)H catalyzed by  
NAD(P)H dehydrogenase (NDH) namely NDH-dependent 
cyclic electron transport around PSI (NDH-pathway) in 
cyanobacteria [12] and higher plants [13,14]. The NDH 
knockout plants are sensitive to high light [15], heat [16] 
and mild desiccation [17]. It has been demonstrated that 
NDH-dependent cyclic electron transport functions in alle-
viating oxidative stresses [18]. Recently, we have demon-
strated that the NDH-pathway is enhanced by the pho-
to-oxidation of L-NaHSO3 initiated by superoxide anions in 
PSI [19]. However, little is known regarding the detailed 
contribution of cyclic electron transport to the promoted 
photosynthesis by L-NaHSO3. 
The aim of the present study is to investigate the physio-
logical significance of NDH-dependent cyclic electron 
transport enhanced by L-NaHSO3 in photosynthesis. We 
compared the effects of L-NaHSO3 on the NDH-dependent 
cyclic electron transport, NDH-dependent cyclic PSP, reac-
tive oxygen species (ROS) accumulation and photosynthesis 
between the ndhC-ndhK-ndhJ defective mutant (ndhCKJ) 
and its wild type (WT). We discuss the possible physiolog-
ical role of NDH-pathway promoted by L-NaHSO3 in pho-
tosynthesis.  
1  Materials and methods 
1.1  Plant materials, growth conditions and treatment 
Homoplastic ndhCKJ tobacco (Nicotiana tabacum cv 
Xanthi) mutants in which the chloroplastic NdhC, NdhK, 
and NdhJ genes were inactivated [20] were cultivated along 
with wild type plants in a phytotron (about 450 µmol pho-
tons m–2 s–1, 60% RH, 12-h light at 28°C and 12-h dark at 
22°C). All plants received enough organic and compound 
fertilizer containing sulfate. The plants were watered every 
2 d. Fully expanded mature leaves (18–20 cm in length and 
10–12 cm in width) in the upper position of the stalk were 
harvested and the petioles were placed into water in a 
growth chamber (16-h light at 28°C and 8-h dark at 22°C, 
150 µmol photons m–2 s–1). The tobacco leaves were treated 
by infiltrating 100 µL NaHSO3 solution into the abaxial side 
of the leaves using the blunt end of 1 mL syringe according 
to Wu et al. [19]. At the times given, the infiltrated sites of 
leaves were used for analysis. 
1.2  Measurements of Chl fluorescence 
The kinetics of Chl fluorescence was measured by using a 
Dual-PAM 100 fluorometer (Walz, Germany). The transient 
post-illumination increase in Chl fluorescence in tobacco 
leaves was recorded after termination of actinic light (170 
µmol photons m–2 s–1 for 2 min) at 28°C. 
1.3  Thylakoid preparation and protein gel blot analysis 
Thylakoid membranes were isolated from fresh, prechilled 
leaf discs at the infiltrated site by homogenization in STN 
medium (50 mmol L–1 Tris-HCl (pH 7.5), 400 mmol L–1 
sucrose and 10 mmol L–1 NaCl). The homogenate was 
passed through a nylon cloth (aperture: 100 µm) and then 
centrifuged at 200×g for 3 min to remove the debris. The 
supernatant was centrifuged at 8000×g for 10 min to pellet 
thylakoid membranes, which were then washed twice and 
resuspended with TN medium (50 mmol L–1 Tris-HCl (pH 
7.5) and 10 mmol L–1 NaCl). All operations were carried 
out at 4°C. Then the thylakoid membranes were mixed with 
SDS loading buffer and incubated in the boiling water for 5 
min. Insoluble fractions were removed by centrifugation at 
12000×g for 5 min, and the supernatant fractions were used 
for 15% (w/v) SDS-PAGE. Protein gel blot analysis was 
performed with an ECL Plus assay Kit (Amersham Pharma-
cia) according to the manufacturer’s protocol. The antibod-
ies against NdhH of Synechocystis 6803 and NdhJ of rice 
were raised in our laboratory [19,21]. 
1.4  Measurements of ms-DLE 
Measurements of millisecond-delayed light emission (ms- 
DLE) were carried out using a phosphoroscope as described 
[16]. The excitation light was about 2000 µmol photons  
m–2 s–1. The leaves were dark adapted at the room tempera-
ture for a few minutes. The 2-cm round discs at the infil-
trated site were detached from the leaves and then immedi-
ately inserted into the sample cell to measure ms-DLE. 
1.5  Measurements of photophosphorylations 
Chloroplasts were prepared from fresh tobacco leaves in a 
similar manner as the thylakoid membranes, but the ho-
mogenates were centrifuged at 1000×g for 5 min rather than 
centrifuged at 8000×g for 10 min. PSP activity was esti-
mated by measuring light induced ATP synthesis in chloro-
plasts. ATP production was measured by comparing the 
ATP level in the dark against the level of 1.5 min after illu-
mination (45 µmol photons m–2 s–1) [22] at 28°C. A 1-mL 
reaction mixture consisted of 50 mmol L–1 Tris-HCl (pH 
7.6), 10 mmol L–1 NaCl, 5 mmol L–1 MgCl2, 0.2 mmol L
–1 
ADP, 2 mmol L–1 Na2HPO4, 0.05 mmol L
–1 PMS (phena-
zine methosulfate), chloroplasts (20 μg of Chl), and Na-
HSO3 at the indicated concentrations. The reaction was ter-
minated by boiling for 3 min. ATP content was then ana-
lyzed by the Luciferin-luciferase method using a luminom-
eter (RS 9901 luminometer) and ATP bioluminescence as-
say kit (Shanghai Institute of Plant Physiology and Ecology, 
Chinese Academy of Sciences). 
1.6  Histochemical detection of superoxide and H2O2 in 
the leaves 
Superoxide and hydrogen peroxide (H2O2) accumulations 
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were detected by in situ staining with nitroblue tetrazolium 
(NBT) [23] and 3,3-diaminobenzidine (DAB) [24], respec-
tively. The petioles of leaves were placed into water con-
taining 6 mmol L–1 NBT or 1 mg mL–1 DAB (pH 3.8) and 
then kept at 22°C in the dark for 3 h to take up the stain. 
The leaves were then illuminated for 5 h with the petioles 
immersed in the NBT or DAB solution. The 1-cm round 
discs at the infiltrated site were detached from the leaves 
and immediately boiled in 95% ethanol for 10 min to stop 
the staining and bleach Chl. 
1.7  Photosynthetic O2 evolution 
At the indicated times after the NaHSO3 treatment, 1 cm 
round discs at the infiltrated site were detached from the 
leaf and cut into small fragments. The fragments were then 
stirred into a 1.8-mL suspension containing 50 mmol L–1 
NaHCO3 and 50 mmol L
–1 Tris-HCl (pH 7.5), in the ther-
mostated glass vessel of a Clark-type oxygen electrode. The 
photosynthetic O2 evolution was normally detected several 
minutes after the beginning of the illumination (800 µmol 
photons m–2 s–1). 
2  Results 
2.1  Low concentrations of NaHSO3 increase NDH- 
dependent cyclic electron flow during the transition of 
the dark to light 
The NDH activity, as judged by a transient post-illumina- 
tion increase in Chl fluorescence (Figure 1(a)), was signifi-
cantly enhanced by different concentrations of NaHSO3 
from 0.1 to 100 µmol L–1, and the maximum increase was 
observed at 10 µmol L–1 in WT [19], therefore, 10 µmol L–1 
NaHSO3 was chosen for the following experiments. Next, 
we determined the diurnal pattern of NDH activity of the 
leaves treated by 10 µmol L–1 NaHSO3. No significant 
change in NDH activity was present over a 5-h time course 
under light and the subsequent 8 h time course of dark pe-
riod. However, after the dark-light transition, NDH activity 
was induced and the enhancement lasted until the end of 
photoperiod (Figure 1(b)). The NDH activity was impaired 
in ndhCKJ and was not significantly affected during the 
whole photoperiod after the NaHSO3 treatment. Further-
more, we performed immunoblot analysis to check whether 
L-NaHSO3 affects the translation level of NDH. The accu-
mulation of NdhJ and NdhH was greatly decreased in 
ndhCKJ [19]. In accordance with the NDH activity, the 
expression levels of NdhJ and NdhH in WT were notably 
up-regulated at 18 h (Hour 18), compared with that at 5 h 
(Hour 5) after the NaHSO3 treatment (Figure 2). These re-
sults indicate that L-NaHSO3 enhances NDH-dependent 
cyclic electron transport. 
2.2  Low concentrations of NaHSO3 increase NDH- 
dependent cyclic PSP 
The millisecond delayed light emission (ms-DLE) of Chl 
fluorescence originates from the back reaction of PSII. The 
fast phase of ms-DLE, within 0.1 s at the beginning of the 
light, is related to the rapid establishment of thylakoid 
membrane potential. The slow phase following the fast one 
and reaching a plateau within a few seconds is mainly 
caused by transthylakoid membrane proton gradient (pH) 
[25,26]. The slow phase of ms-DLE in WT was higher than 
ndhCKJ before the NaHSO3 treatment (Hour 0) (Figure 3), 
indicating the involvement of NDH-pathway in the for-
mation of pH. After the treatment with 10 µmol L–1 Na-
HSO3, the slow phase of ms-DLE was evidently enhanced in 




Figure 1  In vivo detection of NDH activity by Chl fluorescence measurements. (a) A typical Chl fluorescence kinetics in tobacco leaves of WT. The part in 
rectangle shows the transient post-illumination increase in Chl fluorescence, which is monitored as an indicator of NDH activity. Fo, dark fluorescence level; 
AL, red actinic light (170 µmol photons m−2 s−1, lasted for 2 min). (b) Diurnal cycle of the NDH activity of the leaves treated by 10 µmol L–1 NaHSO3 in WT 
and ndhCKJ. The black and white areas of the bar at the top correspond to the dark and light periods of diurnal cycle. 
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Figure 2  The expression levels of NdhJ and NdhH detected 5 h (Hour 5) 
and 18 h (Hour 18) after the treatment with 10 µmol L–1 NaHSO3 in tobac-
co leaves of WT. Thylakoid proteins were loaded on an equal Chl basis 
(7.5 µg). In the lower panel, a replicate gel stained with Coomassie blue 
(Coom.) is shown as loading control. 
 
Figure 3  The intensity of slow phase of ms-DLE measured before the 
NaHSO3 treatment (Hour 0; black bars), 5 h (Hour 5; gray bars) and 18 h 
(Hour 18; dark gray bars) after the treatment with 10 µmol L–1 NaHSO3 in 
tobacco leaves of WT and ndhCKJ. Values are means ± SE of five inde-
pendent measurements. Asterisk indicates significant differences (t-test,   
* P<0.05 and ** P<0.01). 
by 9% at Hour 18 in WT but not in ndhCKJ. These results 
indicate that the NDH-dependent pH levels are promoted 
by L-NaHSO3. To investigate whether the NDH- dependent 
pH level promoted by L-NaHSO3 contributes to ATP syn-
thesis, the light-induced ATP synthesis in chloroplasts was 
analyzed. As shown in Figure 4, the photo-  induced ATP 
synthesis in WT was higher than ndhCKJ, indicating that 
NDH pathway does contribute to cyclic PSP. The cyclic 
PSP activity was maximally enhanced by 92% by 100 nmol 
L–1 NaHSO3 in WT and 43% by 1 µmol L
–1 NaHSO3 in 
ndhCKJ. These results confirm the conclusion that 
L-NaHSO3 enhances NDH-dependent cyclic PSP. 
2.3  Low concentrations of NaHSO3 decrease the ac-
cumulation of ROS 
Since the main function of NDH-dependent cyclic electron  
 
Figure 4  Effects of L-NaHSO3 (0.1–100 µmol L–1) on the light-induced 
ATP synthesis in tobacco chloroplasts. The 1 mL reaction mixture con-
tained 50 mmol L–1 Tris-HCl (pH 7.6), 10 mmol L–1 NaCl, 5 mmol L–1 
MgCl2, 0.2 mmol L
–1 ADP, 2 mmol L–1 Na2HPO4, 0.05 mmol L
–1 PMS, 
chloroplasts (20 μg of Chl), and NaHSO3 as indicated. ATP content was 
analyzed using Luciferin-luciferase method. Values are means ± SD from 
three measurements. 
transport is to alleviate the oxidative stress [18], we checked 
the role of the increased NDH-dependent cyclic electron 
transport by L-NaHSO3 in removing ROS. Superoxide and 
H2O2 accumulations were detected by in situ staining with 
NBT and DAB, respectively. The accumulation of both su-
peroxide (dark blue mark) and H2O2 (brown mark) was 
greater in ndhCKJ than in WT (Figure 5). The leaf discs 
treated by 10 µmol L–1 NaHSO3 showed less intense stain-
ing of superoxide and H2O2 than the leaf discs treated by 
H2O in WT at Hour 18, but slightly more intense staining in 
ndhCKJ. These results indicate that the L-NaHSO3 func-
tions in scavenging ROS via NDH pathway. 
2.4  Low concentrations of NaHSO3 improve photo-
synthesis 
The photosynthetic O2 evolution of the leaf fragments sus-
pended in a solution of bicarbonate is used to estimate the 
 
 
Figure 5  The accumulation of superoxide and H2O2 in leaves discs of 
WT and ndhCKJ at infiltrated site 18 h after the treatment with 10 µmol 
L–1 NaHSO3 or H2O, respectively. Superoxide accumulation was detected 
as dark blue staining by NBT and H2O2 as brown staining by DAB. The 
figure shows representative images from three independent experiments. 
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activity of CO2 fixation [16]. The rate of O2 evolution of 
WT was higher than ndhCKJ at Hour 0. After the treat-
ment with 10 µmol L–1 NaHSO3, the activity of O2 evolution 
was evidently enhanced in WT by 22% and in ndhCKJ by 
37% at Hour 5 and further by 13% at Hour 18 in WT but 
not in ndhCKJ (Figure 6). These results indicate that 
L-NaHSO3 increases photosynthesis via NDH pathway. 
3  Discussion 
It has been suggested that L-NaHSO3 accelerates the cyclic 
electron transport to increase the photosynthesis in wheat 
[5,10], rice [6] and cyanobacterium Synechocystis PCC 
6803 [11]. However, the mechanism is unclear. In the pre-
sent study, using the tobacco mutant defective in NDH ac-
tivity, we clearly show that L-NaHSO3 increases the 
NDH-dependent cyclic electron transport (Figures 1(b) and 
2) and NDH-dependent cyclic PSP (Figures 3 and 4), alle-
viates the oxidative damage (Figure 5), thereby enhancing 
the photosynthesis (Figure 6). 
In chloroplasts, the main process involved in the for-
mation of ROS is the excitation of oxygen of the triplet state 
to the singlet state by Chl of triplet excited state in PSII and 
the photoreduction of oxygen to superoxide radical by re-
duced electron transport component in PSI [27]. ROS are 
major damaging factors to the photosynthetic machinery. 
PSII is vulnerable to ROS, since the rate of the repair of 
photodamaged PSII is depressed owing to the inhibition of 
de novo synthesis of D1 protein by ROS [28]. In addition to 
PSII, the reaction center of PSI can also be damaged by 
ROS, notably under chilling stress [29]. Furthermore, Cal-
vin-Benson cycle enzymes like Rubisco, fructose 1,6- 
bisphosphatase and ribulose 5-phosphate kinase can be 
fragmented or inactivated by ROS [30–33]. Thus, ROS can  
 
 
Figure 6  The photosynthetic O2 evolution rate measured before the Na-
HSO3 treatment (Hour 0; black bars), 5 h (Hour 5; gray bars) and 18 h 
(Hour 18; dark gray bars) after the treatment with 10 µmol L–1 NaHSO3 in 
tobacco leaves of WT and ndhCKJ. Values are means ± SE of five inde-
pendent measurements. Asterisk indicates significant differences (t-test,   
* P<0.05 and ** P<0.01). 
result in a decrease in photosynthesis. Plants have devel-
oped a variety of protective mechanisms against oxidative 
stresses caused by ROS. The cyclic electron transport 
around PSI has been proposed as an effective route to de-
crease ROS levels in chloroplasts [28]. It has been observed 
that NDH-dependent cyclic electron transport is involved in 
enhancing PSII thermotolerance [34] and photoprotection of 
PSII [15], probably by the reduction of ROS production. 
Further, Wang et al. [16] suggested that NDH-dependent 
cyclic electron transport reduces the ROS contents through 
the optimization of the photosynthetic apparatus by the en-
hancement of cyclic PSP. Although there is no apparent 
phenotype in ndhCKJ under greenhouse condition, the 
accumulation of both superoxide and H2O2 was greater than 
that in WT (Figure 5), which is probably responsible for the 
suppressed photosynthesis in ndhCKJ (Figure 6). As a 
result, the increased NDH-dependent cyclic electron 
transport and cyclic PSP by L-NaHSO3 (Figures 1(b), 2, 3 
and 4) reduced the accumulation of ROS (Figure 5), thus 
enhanced the photosynthesis in WT (Figure 6). 
The photosynthesis was also considerably improved by 
treatment with L-NaHSO3 in both WT and ndhCKJ at 
Hour 5, compared with that at Hour 0 (Figures 3 and 6). 
These results indicate that in addition to the NDH-depend- 
ent cyclic electron transport, L-NaHSO3 might also stimu-
late other regulative pathways, such as Mehler reaction 
(pseudocyclic electron transport) which also provides ATP 
for photosynthesis. It is interesting to investigate the role of 
L-NaHSO3 in regulation of other pathway.  
In conclusion, the present results indicate that L-NaHSO3 
reduces the accumulation of ROS probably by enhancing 
the NDH-dependent cyclic electron transport and cyclic 
PSP, thereby improving photosynthesis. 
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